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In this work, ultraviolet (UV) and electron beam (EB) radiation were used to cure coatings of
acrylated epoxydized palm oil (EPOLA) containing different proportions of nanoparticle (SiO2),
the influence of various factors such as addition of photoinitiators and other additives in the
formulations were investigated. The coating materials were cured by ultraviolet light and
electron beam irradiation. The cured films ormaterials were characterized by gel fraction and
swelling techniques. The effect of nanoparticles on the performance and properties of the
cured coating such as scratch resistance, pencil hardness, pendulum hardness, abrasion
resistance were also been investigated. The nanoparticle induced both a bulk and a surface
modificationof curedcoatingswithan increasegel content andsurfacehardnessby increasing
the amount of silica into the photocurable resin. The strong decrease on water uptake in the
presence of SiO2 makes these nanocomposites particularly interesting for our investigation.
Copyright ª 2013, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.1. Introduction the thermal curing process, in relation to the ecology orRadiation curing is a polymerization or crosslinking process,
initiated by high energy radiation, to convert a reactive liquid
chemical system into a non-tacky solid crosslinked network at
room temperature with virtually zero emission of volatile
organic compound (VOC) and hazardous air pollutant (HAP)
since these systems are 100% reactive and usually contain no
solvents. Radiation curing process, namely, ultraviolet (UV)
and electron beam (EB) curing, offers many advantages overry Department, National
(H.M. Said).
ptian Society of Radiation
evier
gyptian Society of Radiation Scieenvironment, energy conservation, economics and excellent
product performance (Kumar et al., 2008). Further, EB curing
offers advantages over UV curing such as no requirement of
photoinitiators, possibility of curing thick pigmented coatings
and better process control.
During the last ten years, the research activities have been
immensely focused on the synthesis and characterization of
polymeric nanocomposites because of their excellent perfor-
mances compared to conventional composite materialsCenter for Radiation Research and Technology, Nasr City, Cairo,
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particles dispersed into a polymeric matrix; among them
polymereSiO2, polymereTiO2 and polymereclay nano-
composites are within the most searched (Gun’ko et al., 2007).
The surface modification of the inorganic nanoparticles by
using acrylic/vinylic or epoxy functional trialkoxysilanes is
recommended. The formation of chemical bonds between the
inorganic and organic components is expected to be of great
importance to guarantee a durable chemical junction between
the two incompatible phases. The properties of nano-
composites strongly depend on the organic matrix, the
nanoparticles and the way in which they were prepared.
Many researchers have studied organiceinorganic nano-
composite systems to better understand the mechanisms and
to improve traditional organic materials. Studies of organic
matrices include epoxy resin, polystyrene, polyacrylate, and
nylon, whereas the inorganic phases are usually clay, layered
silicates, and nanoparticles such as SiO2, TiO2, ZnO, and
CaCO3 (Liu, Qi, & Zhu, 1999; Okazaki, Murota, Kawaguchi, &
Tsubokawa, 2001). Among them, nanosilica is the first nano-
particle to be produced commercially. It has been reported
that nanosilica can increase the hardness and scratch resis-
tance of a coating material and keep the coating transparent
at the same time (Novak, 1993). Organiceinorganic nano-
composites can be prepared by directly blending between
nanoparticles and organic compounds or through a solegel
process using a metal alkoxide.
The most commonly used inorganic nanoparticles are
SiO2, TiO2, ZnO and CaCO3. Nanosilica is commercially avail-
able and has been studied in a lot of polymer systems.
Nanosilica could also improve scratch resistance of coating
material and keep the coating clear at the same time (Zhou,
Wu, Sun, & Shen, 2002). Nanocomposites constituted of
organic polymers and inorganic nanoparticles are intended to
combine quite different properties such as flexibility, hard-
ness, ductility, and thermal stability. Therefore, these mate-
rials can be applied in many fields such as plastic processing,
medicine, optics, textiles, etc. As the nanoscale morphology
plays an important role in achieving desired and tunable
macroscopic properties, a detailed characterization of the
interaction between the intrinsically immiscible phases is
necessary (Bauer et al., 2007). The nanocomposites containing
nanosilica show remarkable barrier properties to gases and
moisture as well as very good resistance to staining
(Sangermano et al., 2005). Thus, it is particularly interesting
for the preparation of silica reinforced polymeric thin films for
coating applications.
The aim to incorporate nanopowder inorganic particles
into polymeric system is to increase modulus, strength and
other properties of the films. Due to nanosize, these particles
are used as reinforced fillers in radiation curable acrylates
system to produce transparent nanocomposites for various
applications such as coatings, adhesives and sealants. How-
ever, physical mixing of liquid acrylates and nanopowders
leads to sticky solutions even at small percentage of filler
content. This particular complication can be prevented with
the aid of coupling agents which modify the hydrophilic na-
ture of the oxide surfaces. For such surfaces with OH groups,
silylation by organosilanes is commonly used as modifying
technique and extensively described in literature (Allen, 1992).Such a surface modification improves the dispersibility of the
filler in organic media and hence, the suitability for many
applications. For example, modification of the nanoparticles
by adding functional group should have a great effect on the
viscoelastic properties of the composites. The curing behavior
and performance of the UV/EB curable coatings largely depend
on the formulations. In the present work, we have investi-
gated the UV/EB curing behavior and the performance of
EPOLA/PETIA coating formulations containing different
amount of SiO2 nanoparticles.2. Experimental
2.1. Materials
All chemicals were used without further purifications. EPOLA
oligomer used in the present work was prepared by the
Malaysian Nuclear Agency through acrylation of the epoxi-
dised palm oil products (EPOP). The acid number (AN), mo-
lecular weights (MW/measured using Tosoh GPC model
HLC8020) and Tg (measured using Shimadzu thermal analyzer
model DSC50) of EPOLA are 29.81, 3200 and 5.0 C respec-
tively (Mahmood, Abdullah, Sakuraib, & Dahlan, 2001). The
monomer such as pentaerythritoltriacrylate and tetracrylate
(PETIA) was obtained from Cytec Specialty Chemical, Belgium.
4-Methoxyphenol was of gas chromatography (GC) grade
quality and used as a stabilizer. Maleic anhydride was of
analar grade quality and used as a catalyst in the heteroge-
neous condensation reaction to induce crosslinking and
compatibility (Bauer et al., 2000). Both chemicals were ob-
tained from SigmaeAldrich Chemical Company Limited, UK.
The amount of maleic anhydride and water used in the dilu-
tion process was based on previous work (Salleh, Gla¨sel, &
Mehnert, 2002). The diluted maleic anhydride was added
during synthesis of the radiation curable materials. The
nanoparticles of silica dioxide (SiO2) AEROSIL OX50 used in
this work were obtained from Degussa-Huls AG, Germany.
They were normally used as fillers for polymer reinforcement
and scratch resistance coatings. Meanwhile, the silane such as
vinyltrimethoxysilane (VTMOS) was obtained from the same
manufacturer and used as a coupling agent. The coating ma-
terialswere cured byUV light using two sets of photoinitiators.
Mixtures of Irgacure 500 and Darocur 1173 were obtained from
Ciba Specialty Chemicals Inc., Switzerland. They used in the
ratio of 2% and 1.5% respectively (Salleh et al., 2002).
2.2. Preparation of silico-organic nanoparticles
Siloxane methacrylate nanoparticles from the silica/acrylate
systems were synthesized in small batch reactor. Maleic an-
hydride (introduced as catalyst) dissolved in water, was
introduced in a mixture of several acrylates and 4-
methoxyphenol. The coupling agent such as VTMOS was
added within 30 min. Finally, nanosize particles were
dispersed under intensive stirring during 12 h using a Dis-
permat dissolver. The process for preparing these nano-
particles is proton catalyzed and efficiently proceeds at
6570 C. The product was immediately cooled to room
temperature.
Table 1 e Percentage of materials in the different
formulations.
Formulation Polymeric nanocomposites composition
PETIA VTMOS SiO2 EPOLA
Lack 1 30 25 e 45
Lack 2 30 25 5 40
Lack 3 30 25 10 35
Lack 4 30 25 15 30
Lack 5 30 25 20 25
Lack 6 30 25 25 20
Lack 7 30 25 30 15
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radiation curing
The polymeric nanocomposite materials were prepared basi-
cally from several acrylates and AEROSIL OX50 as shown in
Table 1. Thesematerials were coated on glass plates and cured
either by UV or EB radiation. Films of these radiation cured
nanocomposites materials were characterized by several
methods such as gel content, pendulum hardness, scratch
and abrasion resistance. All thematerials were cured by using
UV irradiation with 200 W/cm of medium pressure mercury
vapor lamp (ISTUV Dryer, Germany) at a conveyor speed of
10 m/min giving approx. 0.21 J/cm2 energy per pass and were
subjected to EB irradiation using a 15 cmwide (Curetron/NHV,
Japan) at an acceleration voltage of 200 kV, a beam current of
2 mA and a conveyor speed of 22.5 m/min under nitrogen
atmosphere giving approx. 10 kGy (1 Mrad) per pass.
2.4. Rheological measurement
Theviscosityof all the formulationswasmeasuredusingacone
plate Brookfield Viscometer at a specific temperature, 25 C.
2.5. Gel fraction
Gel contents of the UV cured filmswere determined by soxhlet
extraction for 24 h using acetone as the solvent. The films after
extraction were dried in vacuum oven at 50 C and finally
weighed to estimate gel fraction using the following
relationship:
Gel fraction(%) ¼ [Dry weight after extraction/initial
weight]  100
2.6. Swelling of cured film in acetone
Cured films of known weight were immersed in acetone for
48 h and weighed after blotting the excess solvent from the
surface to estimate the swelling ratio of the cured film using
the following relationship (Lee, Shim, & Lee, 2004):
Swelling ratio ¼ Swelled weight/Initial weight
2.7. Pencil hardness
The pencil hardness test was carried out by taking pencils of
different grades (1Be6B, F and 1He6H) according to ASTM D336374. The pencils weremaintained at 45 and pushedwith
uniform pressure onto the coated substrate surface leaving
either a superficial traces or causing destruction down to the
substrate. The hardness of the coatingwas taken as that of the
softest pencil which caused a permanent induction on the
surface of the coating.2.8. Pendulum hardness (DIN 53157)
Byk pendulum hardness tester was used to measure the
hardness of the coating films applied on the glass plate and
the test was done according to the Konig method.2.9. Scratch resistance
The scratch resistance of a coating film was measured using
Erichsen universal scratch tester Model 413 according to DIN
53799. Two types of scratching needles (tips) were used i.e.
stainless steel ball tip and diamond tip. The higher the value
(Newton) obtained, the better the scratch resistance.2.10. Abrasion resistance
Taber abraser model 5151 was used to measure the abrasion
resistance of the cured coatings according to DIN 68861.2. The
testing was done at 50 cycles with 500 g load for each wheels
attached with abrasive paper S42 grade.3. Results and discussion
Silica-organic nanoparticles have relatively large surface
areas than microparticles, therefore modification effects
from the polymerization activity should have a great influ-
ence to the properties of the composites. In these in-
vestigations, we use radiation such as ultraviolet (UV) and
electron beam (EB) to initiate polymerization and interaction
at the interface between the nanoparticles and the mono-
meric materials. Silicon dioxides have non-polar surfaces
and therefore they have poor interactions with the acrylates
that are used as polymeric material for the coatings. Due to
this large difference in polarity, the fillers are not compatible
with the acrylates and it is not possible to make homoge-
neous coatings. The compatibility between the fillers and the
acrylate can be enhanced by grafting organic groups on the
surface of the fillers. For this purpose a special class of
chemicals is available i.e. silane as coupling agents. Silane
coupling agents have a silicon centered group that can form
chemical or physical bonds with a metal oxide surface and
they have an organic group for a good compatibility with
organic materials. The organic group may be a simple alkyl
chain but it may also contain a functional group, such as an
amine, an epoxy, or a methacrylate group. This organo-
functional group can be used for further reaction with
other organic materials. Active nanoparticles were obtained
by heterogeneous hydrolytic condensation of the silane to
the silanol groups of the AEROSIL OX50 particles. The in-situ
reaction is proton catalyzed and efficiently proceeds at 70 C
(Salleh et al., 2002).
Fig. 2 e Effect of SiO2 concentration on the torque of
different formulations.
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Owing to a pronounced self-aggregation of unmodified
nanoparticles, a filler content of >5 wt% yields highly viscous
dispersions which are difficult to handle. After surface modi-
fication, a typical acrylate-nanodispersion contains up to
30 wt% of nanosize silica while maintaining an appropriate
viscosity for coating applications. Experimental data show
significant increase in viscosity with an increase in nano-
particle content. Viscosity, on the other hand is a structure
sensitive property of a fluid that resists flow. Shapes and
amount of nanoparticles affect the distributionmorphology in
the nanofluid’s structure and further affect the viscosity.
Oligomer structure is a primary characteristic by contributing
to viscosity in the formulations. Figs. 1e3 show that the in-
crease of nanoparticle SiO2 content will increase the formu-
lation viscosity valuesmeasured at 25 C. Also, from the shear
stress and torque% (Bauer, Gla¨sel, Hartmann, Bilz, &Mehnert,
2003) it has been reported that even after trimethoxysilane
grafting on the surface of a nanosilica particles, there are still
a fewhydroxyl groups remaining. These hydroxyl groupswere
highly potential in forming hydrogen bonds. These hydrogen
bonds could be formed between nanosilica with monomer
and nanosilica with prepolymer (oligomer) (Zhou, Wu, Sun, &
Shen, 2003).
The schematic illustrations of hydrogen bonding in
different formulations are depicted in Scheme 1.3.2. Gel fraction
Gel fraction estimation is an important property of any
coating, as it is directly a measure of extent of crosslinking of
the cured film,which in turn decides the final properties of the
coating. The results of gel fraction measurements are shown
in Fig. 4. It was found that the gel fraction increased with the
increase of SiO2 content in the coating composition and also
with the irradiation dose. After the first pass under the UV
light, the photoinitiators dissociated and produced active
radicals. These radicals attacked the unsaturated double bond
in the acrylate prepolymers and the monomer (PETIA) thusFig. 1 e Effect of nanoparticle silica (SiO2) on the viscosity of
different formulations.started the crosslinking process. More passes under UV light
produced more crosslinking and subsequently higher content
(higher gel content at 5 passes). Also, as the amount of
nanosilica increased in the formulations, the gel content of
coating films accelerated through the cure reaction and cure
rate of UV the curable acrylate system (Cho, Ju, & Hong,
2004) restricted the segmental motion of the polymeric
chains and increased the crosslinked density (Amerio,
Sangermano, Malucelli, Priola, & Voit, 2005). When more
nanoparticle (SiO2) was added, the hydrogen bonding become
dominate and increase in viscosity was observed as in for-
mulations 6 and 7 respectively. From gel content measure-
ment, it was confirmed that the nonosilica were completely
embedded inside the matrix. Also, as shown in Fig. 4, gel
contents of the nanocomposite films containing modified sil-
ica were found to be between 87 and 90% whereas for without
silica lies between 80 and 84%. At maximum dose, the slight
difference in gel content is attributed to the contribution of
the functional groups on the silica surface to the polymeri-
zation conversion (Is‚ ın, Kayaman-Apohan, & Gu¨ngo¨r, 2009).Fig. 3 e Effect of SiO2 concentration on the shear stress of
different formulations.
Scheme 1 e Possible mechanism SiO2 (a) interaction
between two neighbor silanol groups (Novak model), (b)
isolated silanol interaction with SieOeSi, and (c) hydrogen
bonded water (Soh, Thurn, Thomas, & Talghader, 2007).
Also, hydrogen bonding between nanoparticle silica
restricted the movement of prepolymer molecular, thereby
increased the formulation viscosities. Owing to a
pronounced self-aggregation of unmodified nanoparticles,
a filler content of>5 wt% yields highly viscous dispersions
which are difficult to handle (Bauer, Gla¨sel, Hartmann,
Langguth, & Hinterwaldner, 2004). After surface
modification, a typical acrylate-nanodispersion contains
up to 30 wt% of nanosize silica while maintaining an
appropriate viscosity for coating applications.
Fig. 5 e Effect of irradiation dose on the swelling ratio of
coating films cured by UV light.
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Coating formulations containing different amount of SiO2
were investigated for their extent of swelling in acetone for
48 h. Swelling ratio indirectly reflects the extent of cross-
linking and compactness of the coating. The results of
swelling experiments are given in Fig. 5. It could be seen that
the swelling ratio of cured films decreasedwith the increase in
the SiO2 content in the different formulations, which was
again supported by the gel fraction results showing enhanced
crosslinking with the SiO2 content in the formulation. It was
observed that the swelling ratio of cured films decreased
merely with the increasing of SiO2 concentration in theFig. 4 e Effect of irradiation dose on the gel content of
coating films cured by UV light.coating composition which is again attributed to the better
mixing of two components at higher concentration. The
reason for decrease in the swelling with the increase of SiO2
content is due to increase in the gel fraction and crosslink
density of the coating. Therefore, the coatings with higher
crosslinking density are expected to show better swelling
resistance against chemicals or solvents. As expected, gel
fraction and swelling ratio of a crosslinking polymer network
exhibits an inverse relationship with each other.
3.4. Pencil hardness test
The incorporation of inorganic nanoparticles such as SiO2,
Al2O3, and ZrO2 into an organic matrix has been shown to
enhance the mechanical properties (Leder, Ladwig, Valter,
Frahn, & Meyer, 2002). These nanoparticles are usually
modified with coupling agents such as organosilanes to
render their surface hydrophobic and, thereby, to improve
their embedding into the polymer matrix, a comprehensive
characterization of the grafted organosilanes and their inter-
action with the resin is becoming apparent (Bauer et al., 2004;
Davis, Adrian, & Atkinson, 2003). Results of pencil hardness
tests are reported in Tables 2 and 3 and they show an increase
from 2B for the pure cured epoxy network to 6H for the films
obtained in the presence of different concentration of SiO2.Table 2 e Variation in pencil hardness grade of modified
surface cured by UV radiation.
Formulation UV radiation (No. of passes)
1 2 3 4 5
F1 4B 3B HB F H
F2 HB F F 2H 2H
F3 HB F H 2H 4H
F4 4F F 3H 3H 5H
F5 2F H 3H 3H 5H
F6 H 2H 4H 4H 6H
F7 H 2H 4H 5H 6H
Table 3 e Variation in pencil hardness grade of modified
surface cured by EB radiation.
Formulation EB radiation (kGy)
10 30 50 100 150 200
F1 4B 4B 4B 4B 5B 5B
F2 HB HB F HB HB H
F3 HB HB F HB H 2H
F4 HB HB 4B 4B 2H 3H
F5 F F H H 2H 3H
F6 F H 6H 6H 3H 4H
F7 H H H 3H 3H 5H
Fig. 7 e Effect of irradiation dose on the pendulum
hardness of coating films cured by electron beam (EB).
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tions; in fact by increasing the surface hardness of the coat-
ings it is possible to induce a related increase in scratch
resistance. Therefore, by thismethod the scratch resistance of
coatings can be strongly improved. The hardness for these
systems can be attributable to the presence of hard silica do-
mains generated.
3.5. Pendulum hardness test
In our work, the studying of hardness depending on different
factors such as, the nature of the monomer, the ratio of
nanoparticle (SiO2) in the different formulations, the nature of
radiation and the radiation dose. Results of the pendulum
hardness test are shown in Figs. 6 and 7. The results show that
the addition of silica nanoparticles into the matrices will
improve the hardness of coatings. It could be suggested that
the increase in nanoparticle content influenced the curing
behavior of radiation cured coatings. The silica nanoparticles
apparently accelerated the cure reaction and cure rate of UV/
EB curable acrylate system, most probably due to the syner-
getic effect of silica nanoparticles during the photo-
polymerization process and similar work done by other
researcher (Cho et al., 2004). Also, the type of monomer plays
an important role in the coating, the PETIA cured in three di-
mensions due to its branching structure. As the result, PETIAFig. 6 e Effect of irradiation dose on the pendulum
hardness of coating films cured by UV light.produced three dimensions network coatings. The pendulum
hardness (i.e. damping time of pendulum) of the EPOLA-Silica
coating gradually increased with the increase of SiO2 con-
centration in the coating formulations. The increase in the
pendulum hardness of coating with the increase in the silica
nanoparticle (SiO2) concentration is attributed to the fact that
incorporation of SiO2 in the coating formulation decreases the
flexibility and resilience of the EPOLA coating. The results of
pendulum hardness are compatible with the results of pencil
hardness.
3.6. Scratch resistance
The scratch resistance is reported as the loads in Newton (N)
to produce a visible scratch on the coating surface. The results
of scratch resistance of radiation cured materials at different
ratios of silica nanoparticles embedded in the matrix are
shown in Table 4. The addition of small amount of nanosilica
(e.g. 5 wt%) to the coating can dramatically improve its scratch
resistance. It could be suggested that the increase in the
nanosilica content influenced the curing behavior (radical
polymerization) of UV coatings. The silica nanoparticles
apparently accelerated the cure reaction and cure rate of the
UV curable acrylate system, most probably due to the syner-
gistic effect of silica nanoparticles during the photo-
polymerization process. It can be seen also that scratch
resistance were increased with increasing of silicaTable 4 e Scratch resistance of radiation cured materials
tested using diamond tip with 90.
Formulations UV curing EB curing
F1 0.1 0.1
F2 0.2 0.3
F3 0.3 0.4
F4 0.3 0.6
F5 0.4 0.6
F6 0.6 0.8
F7 0.8 0.9
Fig. 8 e Abrasion resistance of radiation (UV/EB) cured
coatings.
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(Amerio et al., 2008). The improvement of scratch resistance is
due to localization of silica nanoparticle on the surface of
EPOLA composite. Furthermore, the crosslinking and grafting
processes with the present of coupling agent reduce the
movement of polymer chain. These conditions increased the
percentage of crosslinking polymers which contributed to
good mechanical properties.
3.7. Abrasion resistance
Fig. 8 shows the effect of the two types of radiation on the
abrasion resistance of the coatings (Kumar, Bhardwaj, &
Sabharwal, 2006). It suggested that the abrasion resistance is
one of the complex properties to achieve, as it is both a surface
as well as a subsurface property. Almost all coatings cured by
UV showed higher resistance to abrasive forces compared to
those cured by EB. F1 was not included in the graph since they
were already torn at 17 rotations. Still, UV cured F1 lost only
18 mg compared to EB cured F1 which lost 32 mg that, even
though the UV coatings cured from the outside to inside, the
curingwas not as uniform as EB cured coatings (Salleh, Yhaya,
Hassan, Abu Bakar, & Mokhtar, 2011). The surface might be
hard since the concentration of radicals was highest at the
surface, but below the surface (subsurface), the coatings were
flexible. When the abrasion test was done, the flexible sub-
surface provided some resistance to the abrasive rotations by
clogging the abrasive wheels. Meanwhile, EB cured coatings
with uniform hardness from inside to surface, performed
poorly in abrasion tests. This was attributed to the fact that
the EB cured coatings contained higher degrees of branching
and higher crosslink densities than comparable UV coatings.
Hard and brittle EB cured coatings could be abraded much
easier and turned to dust by abrasive rotations.4. Conclusion
From the present study it could be established that a low en-
ergy Electron Beam accelerator can be effectively used to cure
EPOLA resin in the presence of suitable amounts of SiO2 at
optimum radiation dose. The properties of the cured product
were a function of amount of reactive SiO2 incorporated and
the total dose imparted. Presence of SiO2 improved propertiesof coatings like crosslinking density, pencil hardness, abra-
sion resistance. However, higher SiO2 content results in micro
distortions on the coating surfaces and induces brittleness
that adversely affects gloss and scratch resistance properties
of the coating. The amount of reactive diluents to be added to
the parent oligomer needs to be optimized for EB curing
keeping in view the end use requirement of cured product.
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